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Abstract: Fano resonance with high Q-factor is considered to play an important role in the
field of refractive index sensing. In this paper, we theoretically and experimentally investigate a
refractive index sensor with high performance, realizing a new approach to excite multiple Fano
resonances of high Q-factor by introducing an asymmetric parameter to generate a quasi-bound
state in the continuum (BIC). Combined with the electromagnetic properties, the formation
mechanism of Fano resonances in multiple different excitation modes is analyzed and the resonant
modes of the three resonant peaks are analyzed as toroidal dipole (TD), magnetic quadrupole
(MQ), and magnetic dipole (MD), respectively. The simulation results show that the proposed
metastructure has excellent sensing properties with a Q-factor of 3668, sensitivity of 350 nm/RIU,
and figure of merit (FOM) of 1000. Furthermore, the metastructure has been fabricated and
investigated experimentally, and the result shows that its maximum Q-factor, sensitivity and FOM
can reach 634, 233 nm/RIU and 115, respectively. The proposed metastructure is believed to
further contribute to the development of biosensors, nonlinear optics, and lasers.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Resonance with high Q-factor is considered to improve the performance of devices, including
ultra-high sensitivity sensors [1–3], optical switches [4,5], semiconductor lasers [6,7], and
nonlinear optics [8–10]. It is a great way to achieve high Q-factor by adopting Fano resonance,
which is a scattering resonance phenomenon capable of producing asymmetric linearity [11–13].

Fano resonance is generally excited by the effect of destructive interference between the
broad bright mode and the narrow dark mode [14,15]. All-dielectric nanoparticles become an
effective way to obtain high Q-factor Fano resonance because of low radiation loss [16,17]. Fano
resonance generated by all-dielectric metastructure evolves from a single resonance to multiple
resonances [18,19]. Multiple Fano resonances offer great advantages in multi-wavelength
surface-enhanced spectroscopy and multi-channel sensors [20]. An all-dielectric metastructure
with two semicircularly controlled silicon rectangles etched inside the cell was designed by
Yu et al., which excited three Fano resonance peaks and the Q-factor can reach 2617 [21].
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Wang et al. proposed a periodic all-dielectric nanodisk dimer, two Fano resonance peaks were
excited with a maximum Q-factor of 2750 [22]. In addition, all-dielectric metastructure has the
advantages, including device fabrication cost and complementary metal oxide semiconductor
(CMOS) process compatibility issues [23].

An efficient method for high Q-factor Fano resonance to be achieved in an all-dielectric
metastructure is the bound state in the continuum (BIC) [24,25]. Owing to the spatial asymmetry
of the modes and spatially symmetric incompatibility of external radiated waves, the ideal BIC is
characterized by a terrifically high Q-factor and an extremely narrow linewidth [26–28]. The
ideal BIC not observed in practical applications is transformed to a quasi-BIC mode when the
symmetry of the all-dielectric metastructure is broken [29]. The quasi-BIC mode is responsible
for the new Fano resonance peaks generated by the asymmetric structure, which can be observed
in the transmission spectrum [30].

The excitation of Fano resonance implies the occurrence of electromagnetic wave scattering
phenomena [31,32]. As an important contribution to the scattering field, toroidal dipole (TD)
radiation is often masked by electric dipole (ED) and magnetic dipole (MD) in resonances
excited in metallic metasurfaces, which cannot be dominated [33,34]. Compared to plasma
nanostructures, the excited TD can be better facilitated by the interaction between light and matter
in all-dielectric metastructure, utilizing weak free-space coupling to achieve high Q-factor Fano
resonances [35].

In this paper, an all-dielectric metastructure is designed and fabricated, which can generate
multiple Fano resonances. The metastructure consisting of a crossed rod and four fan-shaped
silicon blocks is placed periodically on a substrate that is silicon dioxide (SiO2). The symmetry of
the metastructure is broken by changing the radius of two of the fan-shaped silicon blocks, three
Fano resonances with high Q-factors are generated. The Q-factor of the excited Fano resonance
can reach up to 3668, the sensitivity of the maximum can get up to 350 nm/RIU, and the figure
of merit (FOM) with a maximum of 1000 RIU−1. In addition, experiments are conducted on
the proposed structure, and the results show that the maximum sensitivity is 233 nm/RIU. It is
shown that the metastructure has promising applications in the field of refractive index sensors
and optical switches.

2. Model

A single period cell of the designed structure is shown in Fig. 1(a). A crossed rod and four
fan-shaped silicon blocks are placed on the substrate that is SiO2. The labeled Px and Py in
Fig. 1(a) are the periods in the x and y directions, respectively. The length of Px and Py is
800 nm, and the silicon block height (h) is 200 nm. The crossed rod silicon block has a length
(L1) of 700 nm and a width (L2) of 100 nm, which is placed in the center of the substrate. The four
fan-shaped silicon are distributed around the crossed rod silicon block, the radii of f1 and f2 (r1)
are 185 nm, and the radii of f3 and f4 (r2) are 200 nm. The distance (g) of the fan-shaped silicon
block to the crossed rod silicon block is 100 nm. The ideal BIC is converted to quasi-BIC because
of r1 ≠ r2. The asymmetric degree of metastructure is described by defining the asymmetric
parameter δ = r2−r1. The method for simulating the values is the finite difference in time-domain
(FDTD). The x and y directions are set as periodic boundary conditions, and the z direction is set
differently as a perfect matching layer (PML). The incident wave will decay rapidly under the
effect of loss at the time of entering the PML layer. A Light source illuminates the designed
structure that is a y-polarized plane wave perpendicular to the z-axis. The refractive index of Si
and SiO2 used in the simulations are all taken from the Palik refractive index library [36]. The
transmission spectra and the electromagnetic field distribution of the proposed metastructure are
mainly analyzed.
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Fig. 1. (a) Schematic diagram of a single cycle of the designed metastructure, consisting of
a cross rod and four sector-shaped silicon blocks placed on a silica substrate. (b) Top view
of the metastructure and its corresponding geometric parameters.

3. Simulation results and discussion

In the simulation, the metastructure is placed in a liquid medium with a refractive index of 1.43.
The metastructure is symmetric while δ = 0, the obtained simulated transmission spectrum is
shown as the black line in Fig. 2(a). There is only one peak at 1299 nm in the transmission
spectrum at this time. The structure symmetry is broken while δ = 15 nm and a zero-level
radiation channel is created, leading to the BIC conversion to the quasi-BIC mode. The red line
in Fig. 2(b) illustrates the transmission spectrum obtained from the simulation. The original
resonance peak is slightly blue-shifted to 1295 nm. Two new Fano resonance peaks are excited
at 1283 nm and 1327 nm for the asymmetric structure compared to the symmetric structure,
respectively.

Fig. 2. Transmission spectrum of the designed metastructure. (a) Transmission spectra and
fitted curves of the designed infrastructure at symmetry. (b) Transmission spectrum of the
designed metastructure while δ = 15 nm.

Analysis of the two peaks of quasi-BIC excitation can be performed using the following Fano
formula:

T =
|︁|︁|︁|︁a1 + ia2 +

b
ω − ω0 + iγ

|︁|︁|︁|︁2 (1)

in which, a1, a2 and b are constant real numbers, ω0 is the resonant frequency, and γ is the
damping loss. The Fano spectral features of the proposed metastructure can be accurately
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reproduced by the above equation, and the red line segment in Fig. 2(a) shows the fitted Fano
linearity. In addition, the above equation can be used to extract the Q-factor of the Fano resonance,
which is calculated as

Q =
ω0
2γ

(2)

The Q-factor of the resonance peak can reach 3668 (ω0 = 0.968 eV and γ = 0.1319×10−3 eV ),
1080 (ω0 = 0.959 eV and γ = 0.4439×10−3 eV), 1045 (ω0 = 0.936 eV and γ = 0.4478×10−3 eV)
after calculation while δ = 15 nm.

In addition, the relationship between the Q-factor and the asymmetry parameter is further
investigated. The radiation channel between the non-radiative bound state and the free space
continuum is constructed when the symmetry of the structure receives broken, allowing the BIC
mode to radiate outward under the excitation of y-polarization, which excites the Fano resonance
with high Q-factor. α = ∆S/S is introduced as an asymmetric parameter, in which ∆S is the area
that decreases with decreasing radius and S is the total area of the silicon block, Fig. 3(b) can
represent ∆S and S. more clearly. The Q-factor of the excited Fano resonance is related to the
asymmetry parameter α as Q ∝ α−2 [37], as shown in Fig. 3(a).

Fig. 3. (a) Correspondence plots of different asymmetry parameters with Q-factors. (b)
Schematic representation of ∆S and S.

To better analyze the Fano resonance peaks and explain the physical mechanism of multiple
resonance peaks, the optical field at the resonance peaks is simulated. Table 1 shows the
electromagnetic field distribution of the cross-section at the three resonance peaks. The resonant
mode of R1 can be obtained from the analysis on the graph as a typical TD resonance. Two
magnetic field loops in opposite directions can be observed in the x − y ane of R1, meaning that
the electric field is opposite in the direction along the loop surface. The electric field in the
y − z plane of R1 forms two arrows in opposite directions, which can form a complete ring, so
there is a TD resonance in the x-direction. The x − y plane diagram of R2 shows the electric
field distribution, and the four magnetic loop currents generated will produce four typical MD
resonances. Based on the magnetic field distribution in the x − z plane and y − z plane of R2, it
can be inferred that the two adjacent magnetic loop currents in the x − y plane can be combined
to form a TD resonant mode. The formed TD resonance modes are observed in the diagonal
direction of the metastructure, the two TD modes on the same diagonal have opposite moment
directions. It presents that the resonant mode is magnetic quadrupole (MQ) resonance. A current
loop can be observed in the x − y plane diagram of R3 and a magnetic field is formed in the y − z
plane in the negative direction along the z-axis, resulting in an MD resonance in the z-direction.

In order to investigate the effect of the relevant parameters on the metastructure transmission
spectrum, simulations are performed for the variation of different geometric parameters for the
case of δ = 15 nm, as shown in Fig. 4. Figure 4(a) shows the transmission spectrum curve of the
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Table 1. The electromagnetic field distribution of the asymmetric metastructure while δ = 15 nm.

metastructure when the length (L1) of the crossed rod silicon block is varied from 650 nm to
750 nm. It can be seen that the three resonance peaks are not sensitive to L1, especially since
the position of R3 hardly changes, and R1 and R2 are only slightly red-shifted. All resonance
peaks are very sensitive to the height h of the silicon block, and as h increases from 195 nm to
205 nm, the resonance peaks are severely red-shifted. Based on Fig. 4(b), this conclusion can be
easily drawn. With the increasing distance from the fan-shaped silicon block to the crossed rod
silicon block, the other two resonance peaks hardly change except for a slight red shift of R1.
The resonance peaks are not sensitive to the interval (g) shown in Fig. 4(c). The transmission
spectrum of the metastructure at different periods (P) is shown in Fig. 4(d). The metastructure is
sensitive to P, which not only shows a red shift in the resonance peak but also a large change in
the linewidth of R1 and R2.

Analyzing the above, it can be seen that the proposed metastructure is tunable and the
transmission spectrum can change with the geometric parameters. In addition, the effect of the
polarization direction of the light source on the transmission spectrum is also investigated for
additional applications.

The transmission spectra when the metastructure is irradiated by different polarization directions
are shown in Fig. 5(b). With different polarization directions of irradiation, the resulting Fano
resonance peaks are reflected in Fig. 5(a) as highlighted in the shaded area. The resonance peaks
are labeled as mode I, II, III and IV, respectively. As the increasing polarization angle θ, the
transmittance of mode I gradually decrease, and mode II remains unchanged. In addition, the
transmittance of mode III and mode IV gradually increases, and all the modes are not shifted. It
is clear that means that modes I, III and IV have polarization dependence and great potential for
optical switching applications.

In order to thoroughly investigate the effect of the extinction coefficient (k) of the measured
liquid on the transmission spectrum, the symmetric and asymmetric transmission spectra are
simulated for different extinction coefficients, and the results are shown in Fig. 6. The linewidth
of the Fano resonance peak increases and the modulation depth decreases as k increasing, which
induces a decrease in the Q-factor. A larger extinction coefficient (k) means that the liquid
absorbs and scatters light more severely, leading to a gradual disappearance of the Fano resonance.
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Fig. 4. Transmission spectrum for tuning the different geometrical parameters of the
metastructure. (a) Length of crossed rod silicon block(L1), (b) Height of silicon block(h),
(c) Distance from fan-shaped silicon block to crossed rod silicon block(g), (d) Cycles of
metastructure (P).

Fig. 5. Transmission spectra at different polarization angles for δ = 15 nm.
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Compared to R2, R1 and R3 are more sensitive to k, suggesting that the same k produces different
effects for different modes of Fano resonance.

Fig. 6. (a) Transmission spectra of symmetric structures with different extinction coefficients,
(b)Transmission spectra of asymmetric structures with different extinction coefficients.

The proposed metastructure is suitable for refractive index sensors because of its ability
to produce Fano resonance peaks with high Q-factor and low radiation loss. The sensing
characteristics of the metastructure are studied by defining the refractive index RI of the liquid
covering the outside of the structure as n. Simulations are performed when n is taken from 1.41
to 1.45, and the results are shown in Fig. 7. Figure 7(a) shows the transmission spectra of R1 and
R2 at different refractive indexes, and Fig. 7(b) shows the transmission spectrum of R3.

Fig. 7. Transmission spectra at different refractive indexes. (a) Transmission spectra of
two peaks of R1 and R2 at different refractive indexes. (b) Transmission spectra of R3 at
different refractive indexes.

As n increases from 1.41 to 1.45, the resonance peaks are red-shifted. R1 and R3 are
significantly red-shifted, while R2 is only slightly red-shifted. In addition to Q, the other two
metrics that can reflect the meta-structure sensing performance are sensitivity (S) and FOM. The
sensitivity is the ratio of the offset of the resonance peak to the refractive index difference, and
the equation is [38]:

S =
∆λ(nm)

∆n(RIU)
(3)
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The sensitivities of the three resonance peaks were calculated as 350 nm/RIU, 97 nm/RIU and
346 nm/RIU, respectively, according to Eq. (3).

FOM is the ratio of sensitivity to the full width at half peak (FWHM) [39], Eq. (4):

FOM =
S(nm/RIU)

FWHM(nm)
(4)

The FOM of the three resonance peaks are calculated to be 1000, 81, and 273, respectively.
In addition, the sensitivity and FOM of the proposed meta-structure are compared with the

literature and the results are shown in Table 2. It can be seen that compared to earlier sensors, the
metastructure in this paper is more suitable for sensing devices because has higher sensitivity
and FOM.

Table 2. Sensitivity and FOM of comparison with other existing sensors.

Sensor Type S (nm/RIU) FOM(RIU−1) Ref.

Double square hollow 287.5 389 [40]

Semicircular holes 300 440 [21]

U-shaped silicon cylinder 203 29 [41]
Metastructure consists of two semicircular nanopores
and a narrow connecting channel 265 883 [42]

Broken-symmetry dimer-type metasurface 305 68 [43]

Asymmetric all-dielectric nanoarrays 350 1000 This work

4. Experimental results and discussion

The material used to fabricate the proposed metastructure is a silicon-on-insulator substrate with
200 nm silicon on top. The main geometric parameters are: Px = Py = 800 nm, h = 200 nm,
L1 = 700 nm, L2 = 100 nm, r1 = 185 nm, r2 = 200 nm, g = 100 nm. The preparation process of
the metastructure is shown in Fig. 8. The device preparation procedure consists of the following
steps: cleaning of the SOI substrate, low-pressure chemical vapor deposition (LPCVD), spin
coating of the resist, electron beam lithography (EBL), development, inductively coupled plasma
(ICP) etching and removal of the resist. The preparation process is simple and the actual structure
applied to the sensor can be obtained at low cost. An SOI sample of 800 µm * 800 µm with one
million nanoparticle array units is obtained after preparation and its SEM image is shown in
Fig. 9. From the SEM image, the homogeneity and smoothness of the sample are excellent.

Fig. 8. The fabrication process flow chart of the metastructure.
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Fig. 9. SEM picture of the developed sample.

A sensing test system is set up to test the sensing performance of the samples, the sketch
of which is shown in Fig. 10. The system is composed of a light source, a pair of fiber optic
collimators and a spectrometer. The light source is a broad-spectrum laser (470 nm-2400 nm).
The light beam output from the light source is collimated by a fiber collimator, and then irradiated
to the samples which are immersed in different refractive indexes, and the beam after pasing
through the samples is collected by another fiber collimator, and its transmission spectrum is
reflected to the spectrometer.

Fig. 10. Systems for testing metastructure sensing performance.

The measured refractive index of the liquid is changed by varying the sucrose concentration.
Multiple measurements of sucrose solutions with concentrations of 45%, 50%, 55%, 60%, and
65% using an Abbe refractometer yielded refractive indexes of 1.4075, 1.4157, 1.4238, 1.4302,
and 1.4402, respectively. Figure 11(a) shows a comparison of the test transmission spectrum with
the simulated transmission spectrum. The modulation depths and Q-factors of the transmission
spectra obtained from the tests are lower compared to the simulation results, which is due to
errors in the measurement process or dimensional errors in the sample preparation. The solubility
of the liquid to be tested is continuously varied and the transmission spectra of the test at different
refractive indexes are obtained. Figure 11 (b) shows the transmission spectra tested at different
refractive indexes. The maximum sensitivity of the sample is calculated to be 233 nm/RIU.

In this case, errors are generated during the structure preparation process, which introduces
scattering losses, thus, affecting the coherence of the sensor. The extra losses in Si are caused by
the creation of surface states in the reactive ion etching process, which results in a slight increase
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Fig. 11. (a) Testing and Simulation of Transmission Spectra, (b) Test transmission spectra
at different refractive indexes.

of uptake compared to the theory in the array. In addition, the environmental parameters in the
experiment cannot be kept constant and cannot be identical to the simulated environment. As a
result, there is a deviation between the experimental and simulation results, and the modulation
depth becomes smaller, but this is acceptable.

The results of the experiments are compared with those of other types of sensors in Table 3.
The results show that the proposed device has high performance parameters.

Table 3. Performance comparison of the proposed sensor with other existing sensors.

Sensor Type Q-factor S (nm/RIU) FOM(RIU−1) Ref.

Single-layer guided mode resonance structure n.r.a 229.43 31.52 [44]

Hollow cuboids 728 161 n.r.a [45]

Silicon rods and rings 483 289 103 [46]

Two defective columns 94 337 29 [47]

Asymmetric all-dielectric nanoarrays 634 233 115 This work

anot reported

5. Conclusions

In summary, a metastructure that can generate multiple Fano resonance peaks is proposed in
this paper. The resonance modes of each resonance peak, TD, MQ and MD, are obtained by
analyzing the electromagnetic field. The Q-factors of all three Fano resonance peaks are superior,
with the highest and lowest being 3668 and 1045, respectively. As a result of the simulation,
it is found that the generated resonance peak is sensitive to refractive index, the maximum
sensitivity obtained is at 350 nm/RIU, and the maximum FOM is 1000. Experimental tests show
that the proposed metastructure has excellent sensing characteristics. In addition, the position
of the resonance peaks can be flexibly adjusted by modulating the geometric parameters of the
metastructure, making the metastructure great potential for the application of optical refractive
index sensors.
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